Introduction
Smart materials have been the object of an extensive research activity in the last years. A particular type of smart material, known as chromogenics, can be used in many applications such as large area glazing in buildings, non-emissive displays, variable-reflectance mirrors, variable-transmittance eyewear, variable-emittance surfaces for temperature stabilization of space vehicles, and others [1] . The basic property of a chromogenic material is its capability to show a large change in its optical properties upon a change in crossing light intensity and/or spectral composition, temperature, electrical field or injected charge [2] . There are two main categories of chromogenic technology depending on the type of activation, non-electrical and electrical. Within the first category, the most relevant are photocromics, thermochromics, and thermotropics. Concerning the second category, this includes issues such as electrochromism, suspended particle electrophoresis, polymer dispersed liquid crystals, electrically heated thermotropics, and gasochromics [3] .
The optical properties of electrochromic materials can be changed by an electric field and can be switched back to the original state by a field reversal [4] . There are two major categories of electrochromic materials, one based on transition metal oxides including intercalated compounds, and the other one based on organic compounds, including polymers. The classical research on electrochromic materials is focused mainly on solid devices, in which glass is the transparent surface used as a substrate. Recent investigations are focused on plastic substrates [5] [6] due to their flexibility, which will impel their application in flexible displays and switchable optical filters.
Liquid crystals-based systems are a second alternative in many switching optical applications. Liquid crystal systems based on dispersions in polymeric matrices were reported to act as smart windows with intermediate levels of transmittance, competing with large-area electrochromic panels for smart switchable glazing applications [7] . Polymer-dispersed liquid crystals (PDLCs) may be prepared as flexible, wide-area thin films where LCs molecules stick together in microdroplets that strongly scatter visible light. PDLCs are manufactured with transparent electrodes onto their outer surfaces. LC molecules are twisted when an AC field is applied perpendicularly to the film, varying their optical characteristics. Unlike electrochromic devices, PDLC systems do not provide open-circuit memory in usual working conditions. Currently, the third alternative to the electrochromic technology is the suspended particle device (SPD). The development of suspended electrophoretic particle devices has attracted a great attention in the last decades. A SPD device consists of 3-5 layers. The active layer has needle shaped particles suspended in organic fluid or gel. This layer is laminated or filled between two transparent electrodes. The set of microscopic particles are suspended randomly when no voltage is applied, blocking the pass of light because of scattering [ Fig. 1(a) ]. If voltage is applied, the particles move their internal charges to a minimum energy state, twisting and aligning as a set, permitting the light crossing through the film. A signal of alternate voltage with different amplitudes can align more or less efficiently the particles [ Fig. 1(b) ], depending on the effective voltage (rms) of the applied signal.
In this work, a commercial SPD has been widely analyzed, both in electrical and spectral response. After a brief description of the experimental methods in sec. 2, an electrical model is approached through sec. 3, improved and validated using the impedance measurement of the device. Section 4 is devoted to the optical response of the device, driven by a customized electronic circuit. Summarized results about its operation and potential optical switching applications are also presented in the conclusions section, where a manufacturing on-line test method is proposed.
Experimental methods
A SPD device from CRICURSA (Cristales Curvados SA, Spain), a Licensee of Research Frontiers, is used in this work as a sample. Research Frontiers' thin layer emulsion is coated and cured by CRICURSA between two sheets of plastic film to form the SPD device. Its active area is 28×22 cm, and its thickness is 300 mm.
Two kinds of tests were made, electrical and optical. Electrical test consists in impedance analysis, using a Solartron 1260, scanning between 1 mHz and 1 MHz. It can measure impedances up to 1014 W. Optical test was done during switching, a reference lamp emits a D65 illuminant spectrum, a CIE (Commission Internationale d'Eclairage) standard similar to north-sky daylight, the portion of this light transmitted by the material is sampled by an Acton Research monochromator with a Hamamatsu photomultiplier tube, a system with a 5-nm resolution and 1% error in radiance measurement, again CIE standards for colour measurements.
In order to drive the device, a customized FPGA-based electronic driver was designed and implemented. Several levels of transmission can be achieved using different voltages. Although the driver can be used with any size devices, its final output power stage must change depending on the panel consumption.
Previous work with the device got several selectable transmission intervals, 20-60%, 10-50%, and 0.1-10%, with switching speeds of hundreds of millisecond, and power consumption of 5 W/m 2 [8] .
Electrical model results and discussion
Along this section, a Nyquist plot of the measured impedance will be the way to present the impedance results. It is a plot of the negative imaginary part of the impedance, -Z", versus the real part of it, Z'. An equivalent electrical model is tempted to reproduce the impedance measurements. A complex nonlinear least squares method is used to minimize the difference between experimental and theoretically retrieved results [9] . This section will describe both the tested models and their physical meaning, through the successive approaches towards the best fitting results, which come from the best electrical model. In the next Figs. 2 and 3, every dotted plot describes the same experimental impedance result of the device, and every line plot is the best fit from the equivalent circuit showed in each of the insets. Experimental Nyquist plot shows three trends, the high frequencies show a capacitive response, with a vertical line; there is a curve towards lower frequencies; finally, a noisy straight line is the behaviour at lowest frequencies. The results of the best fitted parameters, their relative errors and the c 2 fitting parameters are shown in Ta 
Linear models
The first approach to the experimental results [ Fig. 2(a) , dotted line] is the simplest linear model [ Fig. 2(a) , inset], that will be named as A. Model A consists of a resistance Rs describing that of the contact layers, in series with a double layer capacitor Cdl that stands for the capacitance of the device, shown as a polymer dielectric sandwiched between two electrical contacts. This model results in a vertical right line in the Nyquist plot [ Fig. 2(a) , line]. Obviously, the fit is far from the measurement, but it serves as a good approach to the two main first magnitudes to consider the contact resistance, of around 800 W , and a series capacitor of several tenths of nanofarads ( Table 1) . The next step is adding a shunt resistance to the capacitor Rct, standing for that derived from the charge transfer mechanism in the device micro-particles. The whole circuit is model B [Fig. 2(b) , inset], and it represents a traditional Randles cell [9] , the natural way to describe electrochemical reactions or mechanisms. This new element bends the Nyquist plot to a 45°line [ Fig. 2(b) , line], still far from the experimental results. Even more, it results in the worst fitting c 2 (see Table 1 ). But two features made this new introduction to seem of no crucial importance, the previous parameters show no variation, and the Rct is of hundreds of MW and big error, more than 20%. No apparent electrochemical reaction is taking place, and the charge transfer is not relevant from the electrical point of view.
Non-linear models
The following approach comes from the necessity of describing the low frequency behaviour of the Nyquist plot, according to the physical processes involved (Fig. 3) .
Migration of charges in the electrophoretic effect can be described as a diffusion process. The best way to represent it is a finite length Warburg impedance. This impedance can have two approaches, depending on the low frequencies behaviour, i.e., an open-circuit terminus Wo, if Z" tends to infinite, or a short-circuit terminus if Z" tends to 0. As the measured impedance result is clearly divergent at low frequencies, a Wo element is introduced in the equivalent circuit. The equation that describes its impedance is
where R is the resistance, T is the time constant related with the diffusion process coefficient and length, and P is the exponent to describe the capacitive character of the impedance. Linking them to Warburg impedance and for the sake of clarity, these terms will be referred as W-R, W-T, and W-P from now on.
In this way, model C improves clearly the fitting results [see Fig. 3(a) and Table 1 ]. Previous parameters reduce their errors below 1%, except the Rct, that still shows a negligible value of mW and a huge error. Meanwhile, Warburg parameter W-R shows a big value, meaning the mainly capacitive character of this element. The response time W-T of 13 ms is lower than that measured for the device (see [8] , where hundreds of millisecond are reported). The difference appears because macroscopic non-electrical effects of the host emulsion are not reflected in the circuit. Finally, a W-P power exponent near 0.5 reproduces the final linear part at low frequencies Nyquist plot.
Model D achieves the same results as C, but eliminating the Rct resistance [ Fig. 3(b) ]. This demonstrates the negligible role of it, and according to the principle of simplicity [9] , it will be removed. Charge moves apparently free into each particle, and the reason of the higher response time must be searched in mechanical rather than electrical reasons.
The last problem to solve appears at high frequencies, where clear differences appear between the retrieved theoretical plot and the experimental one. The last model attempted is model E, in which the last problem is solved using a shunt resistance -capacitor set, with Rp and Cp parameters. This set improves the high frequencies theoretical response [ Fig. 3(c) ], because it stands for the non-homogeneities of the interfaces inside the device [9] , such as bubbles, clusters, etc. The fitting parameter c 2 is reduced in one magnitude order, and all the previous parameters reduce their errors (see Table 1 ), being all of them below 2%. Rs is reduced around 100 W , Rp get a value similar to the reduction of Rs, and Cp gets the worst result with a 5.6% of an error in 6.8 nF.
The equivalent circuit obtained in the model E shows a response as close to the experimental plot as to admit it to be the best one. Physical parameters as response times, diffusion coefficients and lengths, capacitive loads and power consumptions can be derived from it. A quick impedance analysis can retrieve all of these parameters in a manufacturing process, allowing future improvements of the devices.
Optical switching and spectral response results and discussion
In this section, the control of the optical response is described. The optical results show the ability of the device in domotic applications, used with the control electronic driver. An FPGA based electronic driver for the SPD, able to stabilize ten different optical transmission levels, has been implemented. The driver applies a 50-Hz sinusoidal voltage carrier signal and amplitude, modulated by a square pulse of varying voltage. Natural state of the device is dark blue. As higher the voltage, as clear the device. Figure 4(a) shows the monochromator measurements of the transmittance in the ten levels. The best contrast in a wavelength can be seen at around 480 nm, being the level #10 the one of the highest voltage. Different blue/red interval ratio of the spectrum makes the bluer coloration at low voltages. Nevertheless, the best transmission results are obtained at around 25% of transmittance.
If we move these results to a CIE 1964 colour chart, we can see two main results [ Fig. 4(b) ]: first, the colour moves from the blue part of the chart (bottom left) to the uncoloured one (centre) as increasing the voltage; latter, a qua- dratic fit describes the colour movement with a correlation coefficient near to one [see inset in Fig. 4(b) ]. Thus, little colour change is obtained as voltage increase, especially from the level #5. This result is adequate for domotic applications, where the bleaching of the device is linked to increase transmission conditions and colour changes must be avoided. Finally, in order to check the linearity of the control device, transmittance evolution of the SPD was measured at the 600-nm wavelength, while applying the different levels. Figure 5 shows the linear response of the transmission, and its inset shows the fitting result. A correlation coefficient of 0.999 and a slope of 10 normalized percents/voltages are achieved. These results validate the use of the control and SPD devices in domotic applications.
Conclusions
The ability of the analyzed SPD device to be used in domotics applications has been demonstrated during this work. First of all, several electrical models have been tested, reaching satisfactory level of accordance between retrieved and measured impedance data. The best model achieved is a non-linear one that we call E. It consists of a configuration similar to a Randles cell, but including a double layer capacitance and a Warburg impedance as the most relevant parameters, describing mainly the effects at higher and lower frequencies, respectively. The parameter errors are below 2% for the main ones. This new model for these devices is so validated in such a consistent way that all the main improvements in the manufacturing process will derive in the changes of these parameters.
A quick method to test the process on-line is proposed, fast impedance measurements can be fitted to the electrical model E to check the improvements in situ for physical aspects such as diffusion lengths, response times and power consumptions, being the last ones a natural derivation of impedance test. This will result in optimization of the physical response of the devices while their manufacturing.
Meanwhile, an electronic driver to address several levels of transmission has been developed, allowing the use of the device in domotic applications. The linearity of the device has been proved, being the colour changes negligible for the bleaching process, a necessary feature to use it in domotic sets. Future applications can melt both parts of the present study, in order to check the optical and electrical responses during the manufacturing processes, and improving them in the very fabrication line.
